[1] We present a high-resolution record of calcium carbonate preservation alongside the distribution pattern of planktic foraminifera from the Fram Strait. The record covers the marine isotope stage (MIS) 2, 28.8 to 15.4 kyr, including the Last Glacial Maximum (LGM) and the early deglaciation in multidecadal temporal resolution. The investigation is based on the distribution patterns of planktic foraminifera, stable isotopes, mean shell weight of Neogloboquadrina pachyderma, the degree of fragmentation of planktic shells, CaCO 3 content, and geochemical and sedimentological data. The dissolution proxies indicate long-lasting periods of markedly reduced preservation of calcium carbonate at~28.8-27.2,~24.1-23.2, and 16.6-15.4 kyr in addition to a number of short-lasting periods (< 300 year) during the LGM. These periods are accompanied by a simultaneous and significant reduction in specimens of subpolar planktic foraminifera indicating a southward expansion of Arctic surface water masses. Prolonged periods with high abundances of subpolar foraminiferal species and good preservation of calcium carbonate are attributed to increased influence of Atlantic water masses, which appears to persist throughout most of the MIS 2. Comparison to Holocene (MIS 1) shell weight records shows that the preservation during MIS 2 was overall better, even during the events of dissolution. This was probably a reflection of the low concentration of atmospheric CO 2 at the time. 
Introduction
[2] During MIS 2 the sea-surface conditions in the Nordic Seas and the Fram Strait were highly variable. This was attributed to changes in the advection of Atlantic water masses to high latitudes [Hebbeln et al., 1994] . The inflow of the relatively warm and saline Atlantic water masses generated seasonally ice free conditions but at the same time caused instability of the Svalbard-Barents Sea ice sheet and episodic release of meltwater [Hebbeln et al., 1994 [Hebbeln et al., , 1998 Dokken and Hald, 1996; Hebbeln and Wefer, 1997; Knies and Stein, 1998; Knies et al., 1999; Hald et al., 2001; Nørgaard-Pedersen et al., 2003; Wollenburg et al., 2004; de Vernal et al., 2006; Rasmussen et al., 2007; Müller et al., 2009; Stanford et al., 2011] . During summer seasons, light-and high-nutrient availability resulted in high primary production at the marginal ice zones (MIZs) [Hebbeln et al., 1998, and references herein] . Numerous studies on glacialinterglacial cycles indicate that the glacial sea surface water had a higher pH and a higher carbonate ion (CO 3 2À ) concentration compared with interglacial surface water [Sanyal et al., 1995; Hönisch and Hemming, 2005; Foster, 2008] . These two parameters are important for calcifying planktic foraminifera [Bijma et al., 1999 [Bijma et al., , 2002 , which are significant contributors to the total production of inorganic carbon at the surface and to carbonates accumulated in marine sediments [Schiebel, 2002; Schiebel et al., 2007; Langer, 2008] . The proportion of calcium carbonate in the sediments is determined, among other components, by the balance between the production of calcium carbonate at the sea surface and dissolution in the water column and/or at the sea floor [Catubig et al., 1998 ]. The deposition rate of carbonates is several times lower than the production rate at the surface showing that dissolution plays an important role for the preservation of calcium carbonate. At present, planktic foraminifera are one of the most extensively used proxies for paleoceanographic reconstructions of the late Quaternary [Hemleben et al., 1989] . However, their calcareous shells are vulnerable to dissolution, which can modify the primary chemical properties recorded in their shells. Since certain species of planktic foraminifera are more susceptible to dissolution than other, dissolution additionally may alter the composition of the faunal assemblages and cause bias in the interpretation of the paleoenvironment and properties of past water masses.
[3] Numerous studies from the Fram Strait area interpret low abundances of subpolar species and the dominance of the polar N. pachyderma as an indication for cold surface water conditions linked to the southward expansion of polar water masses [Hebbeln et al., 1994 [Hebbeln et al., , 1998 Dokken and Hald, 1996; Hebbeln and Wefer, 1997; Hald et al., 2001; Rasmussen et al., 2007] . In addition, low temperatures are calculated using transfer functions, a statistic estimate based on changes in species composition of the faunas [e.g., Sarnthein et al., 2003; Weinelt et al., 2003] . However, recent studies of the Holocene from the Fram Strait have shown that calcite dissolution during cold periods may complicate paleoenvironmental reconstructions based on planktic foraminifera [Zamelczyk et al., 2012 [Zamelczyk et al., , 2013 . It is therefore important to assess the state of preservation of planktic foraminifera to obtain a better understanding of changes in surface water conditions and factors controlling the foraminiferal paleorecord in the glacial northern North Atlantic Ocean.
[4] We investigate core MSM5/5-712-2 from the western Svalbard margin situated below the northward flowing Atlantic surface water (Figure 1a ). The purpose is to detect and study the effects of dissolution on the planktic foraminifera fauna and provide new details of paleoceanographic changes and carbonate preservation during the MIS 2 interval in high temporal resolution. The investigation is based on the distribution patterns of planktic foraminifera faunas, their degree of fragmentation and the mean shell weight of N. pachyderma, ice-rafted debris (IRD), stable isotopes, and other geochemical proxies.
Modern Oceanic Setting
[5] The Atlantic water masses in the Nordic Seas are divided into two branches, the Norwegian Atlantic Slope Current (NwASC) and the Norwegian Atlantic Current (NwAC) [Walczowski et al., 2005] (Figure 1a ). In the eastern Fram Strait, these warm and saline Atlantic waters continue as the West Spitsbergen Current. North of Svalbard the advected water masses split into the subsurface Yermark Slope Current (YSC) and the Svalbard Branch (SB) (Figure 1a ) [Manley, 1995] . In the western Fram Strait, cold, low-salinity, and iceloaded Polar water is transported by the East Greenland Current (EGC) from the Arctic Ocean along the continental slope of Greenland. In the central Fram Strait, the two different surface water masses mix and generate Arctic water [Hop et al., 2006] . The extent of sea ice cover is controlled by the WSC and EGC, which also define the geographic position of the Polar front and the Arctic front and the MIZ. The average summer sea ice margin is constrained by the Polar front and the maximum limit of sea ice margin in winter by the Arctic front [Vinje, 1977] . The upper 100 m of the water column at the core site is characterized by a surface layer influenced by melt water overlaying a thick layer of Atlantic water (Figure 1b) . Greenland Sea intermediate water produced by deep convection of Atlantic water in the Greenland Sea is found below 500 m water depth (Figure 1b ) [Swift and Aagaard, 1981] .
Material and Methods
[6] The study is based on the lower 247 cm of the 883 cm long piston core MSM05/5-712-2 (78°54′N, 06°46′E). The core was recovered from 1487 m water depth from the western Svalbard margin in 2007 during a cruise with R/V "Maria S. Merian" (Figure 1a ). The core was opened shortly after coring, and the lithology was described.
[7] The core section from 636 to 680 cm was subsampled in 1 cm thick slices for every 4 to 5 cm, and the remaining part from 680 to 883 cm was subsampled at different intervals at every 0.5, 1, or 2 cm. Wet bulk density was determined every 10-20 cm. The samples were freeze-dried and sieved through 1 mm, 100 μm, and 63 μm mesh sizes following the preparation methods described by Feyling-Hanssen et al. [1971] and Knudsen [1998] . Mineral grains >1 mm were counted and identified as ice-rafted debris (IRD). Planktic foraminifera were counted in the 100 μm-1 mm size fraction. At least 300 planktic foraminiferal specimens were picked from each sample and identified to species level. The total concentration (number of foraminifera specimens per gram dry weight sediment) and the relative abundances (%) of individual species of planktic foraminifera were calculated. Planktic foraminiferal species such as Turborotalita quinqueloba, Neogloboquadrina incompta, Globigerinita glutinata, and Globigerina bulloides are subpolar species [Bé and Tolderlund, 1971; Johannessen et al., 1994; Carstens et al., 1997; Simstich et al., 2003] , while N. pachyderma is a polar species [Bé and Tolderlund, 1971; Johannessen et al., 1994] . Following Darling et al. [2006] , we refer N. pachyderma to sinistral forms and N. incompta to dextrally coiled forms. The method described by Ehrmann and Thiede [1985] was used to calculate the fluxes of planktic foraminiferal specimens (number of specimens)/(cm 2 × kyr) and IRD (grains)/(cm 2 × kyr). Dry bulk density was calculated based on water content and wet bulk density and corrected for the density of sea water. [8] Shell weight as a measurement for preservation of calcium carbonate was quantified [Lohmann, 1995; Barker and Elderfield, 2002; Barker et al., 2004; de Villiers, 2004; Zamelczyk et al., 2012 Zamelczyk et al., , 2013 . Shells of the planktic foraminiferal species Neogloboquadrina pachyderma were weighed using a Sartorius microbalance (model M2P, 0.1 μg sensitivity). Medium-sized shells were handpicked from a narrow size range of 150-212 μm. Mean shell weights were calculated by dividing the weighed mass of 20-30 individuals by the total number of foraminiferal shells. Due to low abundances of planktic foraminifera 13 weighed samples contained less than 10 individuals. Measurements were repeated 3 times. Shells with sediment fill or showing signs of mechanical corrosion at the outer shell surface or having secondary calcite crusts were avoided. We minimized problems of different ontogenetic stages during the life cycle of N. pachyderma by weighing square-shaped forms of a specific morphotype with four chambers [Darling et al., 2006] . In addition, a fragmentation index was established following Berger et al. [1982] . The number of planktic shell fragments was counted, and the number of fragments per gram dry sediment was calculated. Percent fragmentation was calculated relative to the total numbers of planktic foraminifera and the total number of fragments in a sample.
[9] Total carbon (TC) and total organic carbon (TOC) were measured in bulk samples using a Leco CS-200 induction furnace instrument. The weight percentage (wt %) of TC and TOC was calculated in intervals of 0.5-5 cm. The CaCO 3 content (wt %) was calculated using the following equation: CaCO 3 = (TC-TOC) × 8.33 [Espitalié et al., 1977] .
[10] Stable isotopes were measured on the previously weighed specimens of N. pachyderma (see above) at the Leibniz Laboratory for Radiometric Dating and Stable Isotope Research in Kiel, Germany, using an automated Carbo-Kiel device connected to a Finnigan MAT 253 and MAT 252 mass spectrometers. Results refer to the Vienna Pee Dee Belemnite (VPDB) standard. The external analytical reproducibility was <0.06‰ and <0.03‰ for δ
18
O and δ 13 C, respectively. Measurements were carried out at 3-5 cm intervals from 636 to 678 cm and at 0.5-2 cm intervals from 678 cm down core. [11] Five accelerator mass spectrometry (AMS) 14 C ages performed on N. pachyderma were measured at Poznań Radiocarbon Laboratory (Table 1 ). The dates were corrected using a reservoir effect of 440 years [Mangerud and Gulliksen, 1975] and calibrated to calendar years before present using the Fairbanks 0701 data set (Table 1 and Figure 2 ) [Fairbanks et al., 2005] .
[12] SiZer (significance of zero crossings of the derivative) analyses described by Chaudhuri and Marron [1999] were used to pinpoint statistically significant features in the variations of CaCO 3 content, mean shell weight, and abundance of subpolar species. The significance is defined based on whether the curve has a slope different from zero in a normal test statistic used by SiZer. If the test statistic is greater than a specified percentile in the standard distribution, the slope is considered as statistically significant. SiZer fits a local linear kernel estimator at a specific location. This means that a straight line is fitted using observations in a neighborhood of the point. The size of the neighborhood has the interpretation of a scale or a level of resolution for which the data are analyzed. The analysis use several neighborhood sizes; therefore, the data sets can be studied at a large number of different scales. A smoothing parameter entitled H represents the size of the neighborhood, meaning that a large H relates to a large neighborhood. As the true underlying curves at particular levels of resolution are identified and insignificant natural variability is removed, the measure of the true variation in the data sets is observed. The SiZer plot represents a graphical demonstration of statistically significant decreases or increases detected in the family plot.
Results

Lithology and Age Model
[13] The investigated interval comprises three different lithological units (Figure 2b ). The lowermost unit from 883 to 842 cm is composed of hemipelagic light gray and homogenous silty clay rich in planktic foraminifera. The next unit from 842 to 800 cm consists of dark gray, coarse, unsorted glacigenic sediments with low content of foraminifera. The magnetic susceptibility values are low, and the sediment is interpreted as a debris flow deposit (see below). From 800 to 780.5 cm the sediments change gradually to hemipelagic light gray, foraminifera-rich, and homogenous silty clays that continue to the top of the studied section (Figure 2b ). These characteristic sediments together with the pattern of magnetic susceptibility and the 14 C dates in the MSM5/5-712-2 core enable a close correlation to the stacked record of magnetic susceptibility published by Jessen et al. [2010] (Figures 2a and 2b) . The stacked record is based on 11 cores from the western Svalbard slope. The coarse sediment layer characterized as a debris flow deposit has been dated from 24.08 ± 0.15 to 23.55 ± 0.185 cal kyr [Jessen et al., 2010] . These dates are used as chronological tie points dating the bottom and the top of the deposit at 842 and 800 cm depth, respectively (Figure 2) . The age at 780.5-781.0 cm core depth shows an age of 23.84 ± 0.19 and is close to the age of the debris flow (23.55 ± 0.185 cal kyr) defined by Jessen et al. [2010] . However, the dated material at 780.5-781.0 cm originates from a narrow (0.5 cm) depth range where the admixture of old material is very likely. In addition, this date has a rather low-δ 13 C value, which may have increased the error of the 14 C age in the sample (Table 1) . Therefore, we used the two tie points of Jessen et al. [2010] for age of the debris flow deposit. The remaining radiocarbon dates and these two tie points are used to construct an age model based on linear interpolation between dating points (Table 1 and Figure 2c ). The age model shows that the investigated sediment interval spans the time period 28.8-15.4 cal kyr comprising MIS 2 [Martinson et al., 1987] and including the Last Glacial Maximum 23.0-19.0 kyr [Yokoyama et al., 2000; Mix et al., 2001] . The mean sedimentation rate is 18 cm/kyr. The sedimentation rates vary from 9 to 41 cm/kyr and reach up to 84 cm/kyr for the mass transported deposit (Figure 2c ). The stratigraphic resolution is 54 years per 1 cm sample. In the following all ages will be reported in calibrated years unless otherwise stated.
IRD, Geochemistry, Shell Weight, Fragmentation and Stable Isotopes
[14] The flux and concentration of IRD >1 mm is generally low except for two intervals of high values at 24.1-23.0 and 16.6-15.6 kyr (Figure 3a) . The events correlate in time with North Atlantic Heinrich events H2 (~24.0 kyr) and H1 (~17.0 kyr) [Heinrich, 1988] and are defined by low concentration of planktic foraminifera, dominance of N. pachyderma, high concentration of IRD, and low stable isotope values (Figures 3a, 3g, 4b, and 4f) [e.g., Bond et al., 1993] .
[15] The %TOC is low and stable from 28.8 to 16.8 kyr, except in the interval 24.1-~23 kyr, which is characterized by very high values (Figure 3b ). From~16.6 to 15.4 kyr the %TOC gradually increases. The %TC and %CaCO 3 show a similar pattern except for intervals at 24.0-23.0 kyr and from~17.2 to15.4 kyr (Figures 3c and 3d) .
[16] The mean shell weight of N. pachyderma is generally very high (see discussion below) with intervals of generally reduced mean shell weight at~28. 8, 27.8-27.4, 24.1-22.5, 21.0-20.5, 18.8-18.3 and from 16.6 to15.4 kyr (Figure 3e) . The fragmentation shows an opposite pattern to the mean shell weight record (Figure 3f) .
[17] The δ
18
O values are generally high except for two events of low values at 18.8-18.0 and 17.0-16.5 kyr (Figure 3g ). The δ 18 O values vary around an average of 4.7‰ from 28.8 to 18.8 kyr and around an average of 4.2‰ after 16.6 kyr. The δ 13 C values vary between 0.23 and 0.23‰ with an average value of 0.06‰ (Figure 3h ).
Planktic Foraminifera Assemblages and Fluxes
[18] The two dominant planktic foraminiferal species, N. pachyderma and T. quinqueloba, constitute 91-100% of the assemblages (Figures 4b and 4c) . The relative abundance of T. quinqueloba shows generally the opposite distribution pattern of N. pachyderma. Other identified species, N. incompta, G. glutinata, and G. bulloides, are of low relative abundance. Generally, increases in the subploar species follow the increases Figures 5a-5c (bottom) show SiZer maps. A statistically significant increase is shaded in red and a decrease in blue. No change is indicated by purple and too few observations in grey. Red and blue arrows in the family panels mark significant increases and decreases in the original data set identified through SiZer analysis, respectively. in mean shell weight (Figures 4a and 4d) with a correlation coefficient of 0.63.
[19] The total flux and the concentration of planktic specimens are overall high except for intervals at 28. 8-27.4, 24.1-23.5, 21.2-20.8, and 18.8-18.3 and from 16.6-15.4 kyr (Figures 4e and 4f) . These periods correlate with intervals of low shell weight of N. pachyderma (Figure 4a ).
Sizer Analysis
[20] Based on the lithological features of the sediment, the rather high sedimentation rates and the many abrupt changes in our proxies (Figures 2-4) , we assume that our observations are independent. The SiZer analysis define the following significant changes in the data sets: At the multimillennial bandwidth %CaCO 3 increases from 28.8 to 20.1 kyr BP (Figure 5a ). At the millennial and millennial to multicentennial bandwidth significant increases in %CaCO 3 are observed at 28.6-26.0 and 23.8-~21.0 kyr. From~21.0 to 15.4 kyr a decrease on the same time scale occurs. Several short-lasting decreases in % CaCO 3 characterize the underlying multicentennial to decadal time scale.
[21] The mean shell weight shows decreasing trend on a 10 kyr scale (Figure 5b ). However, marked increases occur from 28.8 to~26.0 and from~23.0 to 21.5 kyr on a lower H (years) scale. In addition, significant short-lasting increases are depicted at~23. 3, 22.3, 19.8, and~18 .0 kyr at multidecadal to multicentennial scale. A reduction in foraminiferal shell weight is found for the interval 20.0-15.4 kyr (Figure 5b) .
[22] The sum of percent of T. quinqueloba, N. incompta, G. glutinata, and G. bulloides shows a similar development as the mean shell weight at all nearly investigated time scales. At the multidecadal time scale two of the short-lasting increases at~19.8 and~18.0 kyr are not detected (Figure 5c ).
Discussion
Planktic Foraminifera, Calcium Carbonate Preservation, and Dissolution Mechanisms on the Western Svalbard Slope
[23] In paleoceanographic interpretations in the polar North Atlantic a low concentration and flux of planktic foraminifera, the dominance of the polar species N. pachyderma, and low percentages of the subpolar species (T. quinqueloba, N. incompta, G. glutinata, and G. bulloides) indicate cold conditions at the sea surface. Oppositely, high flux of planktic foraminifera and higher relative abundance of subpolar species indicate warming of the surface water and probably a stronger advection of Atlantic water (Figure 4 ). In the Fram Strait, T. quinqueloba is abundant in the productive Arctic surface water and near the Arctic front between Arctic and Atlantic water masses [Bé and Tolderlund, 1971; Johannessen et al., 1994; Carstens et al., 1997; Simstich et al., 2003] . Hence, high abundance of this species is considered to represent an enhanced influence of Atlantic water and proximity of the oceanic front. In addition, high numbers of planktic foraminifera are related to high primary productivity [Carstens et al., 1997] . Intervals with high %TOC and low %CaCO 3 imply the presence of seasonal sea ice and Arctic surface water [Zamelczyk et al., 2012 [Zamelczyk et al., , 2013 , and references herein] and the high concentration and flux of IRD indicate the presence of icebergs (Figure 3 ).
[24] Overall, we observe a covariance of the dissolution proxies (mean shell weight, %CaCO 3 and %fragmentation) with the distribution of the foraminiferal species and the concentration and flux of planktic specimens (Figures 3-5 ) (see section 4.3.). This implies that many of the changes can be a result of dissolution effects superimposed on the changes in the distribution of water masses and surface productivity. Below we explore the variations in paleoceanography and preservation of planktic specimens on the West Spitsbergen continental margin.
[25] The MSM5/5-712-2 record shows overall high planktic foraminifera shell weight between 28.8 and 15.4 kyr (Figures 3e and 4a) . Decreases in shell weight correlate with increases in %fragmentation and low %CaCO 3 (with a correlation coefficient of 0.6 and 0.48, respectively) during the entire investigated time period (Figures 3d-3f ). This signifies that dissolution occurred repeatedly on a multicentennial time scale during MIS 2 (28.8-27.2, 24.1-23.2, and 16.6-15.4 kyr). During the LGM to the early deglaciation several shortlasting episodes of poorer preservation occur (22.8-22.5, 21.0-20.5, 20.0-19.8, and 18.8-18 .3 kyr) (Figures 3-5) . The three longer-lasting events also correlate with high %TOC (Figure 3b ). The SiZer analyses pointed out that most of the events are statistically significant ( Figure 5 ).
[26] The subpolar species (T. quinqueloba, N. incompta, G. glutinata, and G. bulloides) are all more prone to dissolution than N. pachyderma [Berger, 1970] . Small and thin-walled specimens of T. quinqueloba have been shown to be especially vulnerable to dissolution [Berger, 1970] . Studies of Holocene and glacial records from the Fram Strait reveal that this species generally covaries in relative abundance with the degree of dissolution in the sediment [Bauch et al., 2001; Rasmussen et al., 2007; Zamelczyk et al., 2012 Zamelczyk et al., , 2013 . Therefore, it is probable that many of the changes in the distribution patterns of the planktic foraminifera are partly a result of changes in preservation.
[27] In the Arctic Ocean, the saturation horizon of calcite is located at~4000 m [Jutterström and Anderson, 2005] . During glacial time, the calcium carbonate saturation depth is believed to be similar to the modern depth [Catubig et al., 1998 ]. The core MSM5/5-712-2 is positioned well above this level implying that factors other than undersaturation of calcite must have caused the dissolution of the calcium carbonate. Therefore, we argue below that the periods with poorer preservation of calcium carbonate can be attributed to periods of spread of Arctic surface water masses and associated increased primary soft-tissue productivity within the marginal ice zone (MIZ). Periods with good preservation can thus probably be linked to the influence of Atlantic water masses with higher productivity of calcareous organisms and decreased sea ice cover.
[28] In the modern northern North Atlantic, preservation of calcium carbonate reflects the circulation of the surface water and the intensity and quality of the primary productivity at the surface. Well-preserved carbonate shells are found along the inflow of warm Atlantic surface water, while poor-preserved shells are observed under the influence of cold water masses [Henrich, 1998; Huber et al., 2000] . In core MSM5/5-712-2, changes in species composition of planktic foraminifera and calcium carbonate preservation indicate that changing intensity of the Atlantic water inflow was the common factor controlling changes in carbonate preservation during the late glacial and early deglaciation in the Fram Strait (Figures 3d-3f and 4) [see also Zamelczyk et al., 2012 Zamelczyk et al., , 2013 . Studies based on the geochemistry of planktic foraminiferal shells show that the rate of calcification and the shell weight depends on the concentration of CO 3 2À in the surface waters [Bijma et al., 1999; Barker and Elderfield, 2002] . Arctic waters are characterized by lower concentration of CO 3 2À than Atlantic waters [Chierici and Fransson, 2009; Azetsu-Scott et al., 2010] , and the decrease in the mean shell weight of the foraminifera may reflect the influence of Arctic water masses. However, interpretation of the CO 3 2À effect on calcifying planktic foraminifera is not straightforward, because the carbonate ion content may covary with seasonal shifts in surface water temperature [Gonzalez-Mora et al., 2008] , nutrient availability [de Villiers, 2004] , and/or salinity [Hönisch, 2002] . In addition, the high organic productivity (primarily soft-tissue organisms) may lead to undersaturation of CaCO 3 in the sediment [Emerson and Bender, 1981; Scott et al., 2008] . In the Fram Strait, Arctic water masses control the position of the Arctic front and the sea ice margin. Seasonal primary production within marginal ice zones (MIZs) generated along a stationary sea ice margin can be markedly higher than under ice free conditions [Smith and Sakshaug, 1990; Johannessen et al., 1994; Carstens et al., 1997] . Enhanced fluxes of organic particles and the acidity produced by oxidation of organic material at and within the sediments are an important mechanism for carbonate dissolution [Emerson and Bender, 1981] . Calcite dissolution within carbonate-rich sediments below the Atlantic water flow is unlikely due to the high buffering potential [e.g. Huber et al., 2000. However, pronounced increase in rain ratio of organic and inorganic (CaCO 3 ) carbons may cause enhanced respirative release of CO 2 , to an extent where it cannot be compensated by buffering. This can lead to calcium carbonate dissolution even in carbonate-rich surface sediments [e.g., Huber et al., 2000] .
[29] In core MSM5/5-712-2, the apparent anticorrelation between the relative abundance and shell weight of N. pachyderma and distribution patterns of subpolar species indicate that whenever the high productive Arctic waters invaded the study site, the preservation of calcium carbonate deteriorated (Figures 4a and 4d) . The selective removal of subpolar species through dissolution potentially exaggerates the cooling signal observed in paleorecord. The high fragmentation of shells, low shell weight, and low CaCO 3 content indicate that the spread of Arctic water masses associated with changes in the carbonate rain ratio of organic and inorganic (CaCO 3 ) carbon fluxes most likely promoted dissolution of calcium carbonate.
Comparison to Other Areas and Implications for Preservation
[30] We compare our dissolution proxies and absolute and relative abundances of planktic foraminifera with other published records of foraminiferal distribution patterns from the Nordic Seas. All are located in the pathway of the inflow of Atlantic water.
[31] In the northern North Atlantic, surface conditions of the MIS 2, including the LGM and the early deglaciation, were characterized by cold but seasonally open waters [e.g., Peck et al., 2006 Peck et al., , 2008 Knutz et al., 2007; Rasmussen and Thomsen, 2008; Scourse et al., 2009] . In the Fram Strait, the Atlantic water inflow was variable but sufficiently strong to allow for enhanced production of planktic foraminifera [Hebbeln et al., 1994; Dokken and Hald, 1996; Knies et al., 1999; Hald et al., 2001; Nørgaard-Pedersen et al., 2003; Rasmussen et al., 2007] . The results from the core MSM5/ 5-712-2 show that the Atlantic surface water was generally present and favored the preservation of planktic foraminifera for most of the glacial period (Figures 3 and 4) .
[32] Between 24.1 and 22.5 kyr in core MSM5/5-712-2, the carbonate preservation is very poor, the number of planktic foraminifera very low, and the fauna is completely dominated by N. pachyderma (Figure 4b ). At the Yermak Plateau, absence of planktic foraminifera and an enhanced sea ice cover occurred at the same time [Nørgaard-Pedersen et al., 2003; Müller et al., 2009] . This suggests spread of very cold Arctic surface waters with drifting icebergs and dense sea ice cover. Similar sea surface conditions have been described in southerly located cores, LINK17 and ENAM93-21 from the Faeroe-Shetland Channel [Rasmussen et al., 1997; Rasmussen and Thomsen, 2008] and DAPC2 and several records from off the British Islands [Knutz et al., 2007; Scourse et al., 2009] . They are also in agreement with low temperatures reconstructed from Mg/Ca ratios in planktic foraminifera from south of the British Islands [Peck et al., 2008] . The seasonal sea ice in the North Atlantic is suggested to reach as far south as 40°N during this time [Heinrich, 1988; Bond et al., 1992 Bond et al., , 1999 Mix et al., 2001; Pflaumann et al., 2003] . Between 55°N and 40°N, these conditions are attributed to the North Atlantic Heinrich event H2.
[33] During the early deglaciation, from~19.0 to 15.4 kyr, the Atlantic water inflow at the MSM5/5-712-2 progressively weakened and the surface waters continued to cool (Figure 4) . Similar oceanic development is observed in the North Atlantic Ocean area [e.g., McManus et al., 2004; Hall et al., 2006; Stanford et al., 2011] . It is believed that from~19.0 kyr, the fresh water were progressively supplied to the surface of the North Atlantic Ocean and led to a reduction of the oceanic poleward heat transport by a gradual slowdown of the Atlantic meridional overturning circulation [e.g., McManus et al., 2004; Hall et al., 2006; Stanford et al., 2011] . The interval shows a general deterioration of preservation of calcium carbonate with poor preservation at 19.0-18.0 kyr and~16.6-15.4 kyr (Figures 3d-3f) . From 18.0 to 16.6 kyr, improved preservation and rising concentrations of planktic foraminifera and dominance of polar N. pachyderma indicate presence of cold water masses in the eastern Fram Strait (Figures 3d-3f, 4b, and 4f ). In the North Atlantic, the change to extreme cold conditions correlates with the collapse of the thermohaline circulation at 17.5 kyr [McManus et al., 2004; Hall et al., 2006; Stanford et al., 2011] and is attributed to H1 [Heinrich, 1988; Bond et al., 1992 Bond et al., , 1993 Bond et al., , 1999 . The preservation of carbonates increases in the beginning of the H1, whereas the preservation is very poor after 16.6 kyr (Figures 3 and 4) . This is in agreement with studies on dissolution of planktic foraminiferal shells from the North Atlantic (cores British Ocean Flux Study 17 K and NEAP 8 K) [Barker et al., 2004] . It was proposed that the stratification of the water masses during the early stages of H1 and the reinforced ventilation of the Atlantic waters toward the end of H1 and the start of the Bølling interstadial caused the sudden shift in preservation of carbonates in the northern North Atlantic [Barker et al., 2004] .
Comparison of MIS 2 and Holocene Preservation Records in the Fram Strait
[34] In order to obtain a broader perspective of the preservation history from the Fram Strait, we compare available records of mean shell weight, %fragmentation and distribution patterns of subpolar species (Figure 6 ). Core JM06-04MC is from the same position as the MSM5/5-712-2 core and spans the last 2400 years. The cores are from the eastern Fram Strait influenced by warm Atlantic water masses [Zamelczyk et al., 2013] . Core JM06-16MC is from the central Fram Strait from 2546 m water depth and comprises the last 20 kyr (Figures 1a and 6) [Zamelczyk et al., 2012] . The core site is dominated by Arctic water masses with reduced CaCO 3 saturation and seasonal high primary production. This record generally shows poor preservation of planktic shells and low relative abundance of T. quinqueloba and other subpolar planktic species (Figures 6c and 6d) .
[35] The compiled shell weight record shows a clear decreasing trend throughout the last~29 kyr. Highest shell weights, with a maximum of 13.4 μg, occur during the LGM (22.5-19.0 kyr).
The shell weights decrease toward the present day (2006 AD) [see Zamelczyk et al., 2012 Zamelczyk et al., , 2013 ] to a minimum of 1.5 μg (Figure 6a ). During MIS 2 the change in shell weights correlates closely with increases in %fragmentation, while the correlation is less direct in the Holocene part (Figures 6a  and 6b ). The percentages of T. quinqueloba and subpolar species also show a clear anticorrelation to the fragmentation record from~29.0 to~19.0 kyr and again from~14 kyr and in the early to mid-Holocene (Figures 6c and 6d) [see also Rasmussen et al., 2007; Zamelczyk et al., 2012] . The trend is interrupted in the late Holocene (the last~2.5 kyr), when the relative abundance of T. quinqueloba and subpolar species increase, which would indicate a warming (Figures 6c and 6d) . However, together with the low and decreasing shell weight the changes in the composition of the planktic foraminiferal faunas are more likely due to still ongoing diagenetic processes in the sediments (see discussion in Zamelczyk et al. [2012 Zamelczyk et al. [ , 2013 ).
[36] The combined record of the preservation proxies and the distribution patterns of foraminiferal species imply that the expansion of Arctic water masses associated with changes Figure 6 . Comparison of (a) mean shell weight of N. pachyderma, (b) %fragmentation, (c) %T. quinqueloba, and (d) % of subpolar species (N. incompta, G. glutinata, and G. bulloides) from the Fram Strait covering the last~29 kyr. Graphs in red and light red color represent data from core MSM5/5-712-2 (this study and Werner et al. [2013] , respectively). Graph in purple color shows data from core JM03-373PC [Rasmussen et al., 2007] . Graphs in green and blue show data from cores JM06-16MC and JM06-04MC, respectively [Zamelczyk et al., 2012 [Zamelczyk et al., , 2013 .
in the carbonate rain ratio of organic and inorganic carbon fluxes in the Fram Strait most likely played a dominant role in preservation of calcium carbonate over the entire last~29 kyr. From the culmination of the LGM, relatively fresh Arctic water masses with low CaCO 3 -saturation state spread southeastward. The progressive influence of Arctic waters during the deglaciation caused extensive dissolution of calcium carbonate (Figure 6 ). Preservation deteriorated again from the late early Holocene to today.
[37] We note that events of lower shell weight and higher fragmentation and hence poorer preservation during MIS 2 rarely exceed the values found in the Holocene (Figures 6a  and 6b) . The observed patterns of preservation from a maximum in MIS 2 to a minimum during the Holocene cannot only be related to changes in the distribution of surface water masses but may also be linked to the impact of changes in atmospheric concentration of carbon dioxide (CO 2 ) on the surface water chemistry [e.g., Bijma et al., 2002; Bates and Mathis, 2009] . Changes in atmospheric CO 2 coincide with higher pH and a higher carbonate ion (CO 3 2À ) concentration during glacials and lower concentration during interglacials [Sanyal et al., 1995; Hönisch and Hemming, 2005; Foster, 2008] . Therefore, we speculate that the low concentration of atmospheric CO 2 during MIS 2 [e.g., Broecker and Peng, 1987; Sigman and Boyle, 2000; Sigman et al., 2010] contributed to the good preservation of CaCO 3 , and vice versa, the increased CO 2 concentrations during the Holocene enhanced the dissolution of CaCO 3 . The lower pH and a lower carbonate ion concentration during the deglaciation and the Holocene probably decreased the calcification of the planktic foraminifera. The reduced calcification resulted in thinner shells making them even more vulnerable to corrosive conditions.
Conclusions
[38] In general, the results confirm previous reconstructions of oceanography of the late glacial and early deglaciation in the Fram Strait. Ice-free conditions and high planktic foraminiferal productivity predominated during the glacial summers. High abundances of subpolar species were found during periods of influence of Atlantic water and the preservation of calcium carbonate was good to excellent. Simultaneous decreases in preservation, subpolar species, and planktic foraminifera abundances are attributed to periods when Arctic surface waters with low CaCO 3 -saturation and/or the highly productive marginal ice zone approached the study site. During these periods, the planktic foraminiferal fauna was completely dominated by the polar species N. pachyderma, which is also less susceptible to dissolution. These intervals of enhanced dissolution occurred on the western Svalbard slope at 28.8-27.2, 24.1-23.2, and 16.6-15.4 kyr and were characterized by low mean shell weight and low percentages of dissolution-prone subpolar specimens, high shell fragmentation, and reduced content of CaCO 3 . Short-lasting events of poorer preservation also occurred during the LGM.
[39] The periods of poor preservation of calcium carbonate imply selective removal of species that are more susceptible to dissolution and therefore may have reduced the reliability of paleoceanographic reconstructions in the Fram Strait for the cold periods during the last~29 kyr.
